Plant form is shaped by a complex network of intrinsic and extrinsic signals. Light-directed growth of seedlings (photomorphogenesis) depends on the coordination of several hormone signals, including brassinosteroids (BRs) and auxin. Although the close relationship between BRs and auxin has been widely reported, the molecular mechanism for combinatorial control of shared target genes has remained elusive. Here we demonstrate that BRs synergistically increase seedling sensitivity to auxin and show that combined treatment with both hormones can increase the magnitude and duration of gene expression. Moreover, we describe a direct connection between the BR-regulated BIN2 kinase and ARF2, a member of the Auxin Response Factor family of transcriptional regulators. Phosphorylation by BIN2 results in loss of ARF2 DNA binding and repression activities. arf2 mutants are less sensitive to changes in endogenous BR levels, whereas a large proportion of genes affected in an arf2 background are returned to near wildtype levels by altering BR biosynthesis. Together, these data suggest a model where BIN2 increases expression of auxin-induced genes by directly inactivating repressor ARFs, leading to synergistic increases in transcription.
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cross-regulation ͉ Arobidopsis ͉ growth ͉ phytohormones I n plants, physiology and development are inextricably linked: internal age and metabolic cues are integrated with information about the external environment to direct morphogenesis. During seedling growth, the hormone auxin relays information about endogenous factors, such as where cells are within the plant body (1) , as well as environmental stimuli, such as light and gravity (2) . Another class of hormones, the brassinosteroids (BRs), act synergistically with auxins to promote cell elongation, and mutants in either pathway show similar phenotypes, including dramatic growth defects (3) . Auxin and BRs share a number of early target genes, many of which are involved in growthrelated processes (4) (5) (6) (7) .
Despite the strong evidence for synergism and interdependence between auxin and BR transcriptional responses (3) , no direct molecular link between them has yet been reported. The path from auxin perception to transcriptional response is short and acts through alleviation of transcriptional repression (8) . Auxin binding to F-box proteins of the AFB family, such as TIR1, triggers the degradation of transcriptional repressors called Aux/IAAs. Aux/IAAs bind to a family of transcription factors, called Auxin Response Factors (ARFs), which show either repressor or activator activity (9) . Current models propose that auxin-mediated removal of Aux/IAA proteins increases activity of ARFs and thereby triggers the auxin genomic response (9) . A potential molecular link between auxin and BR pathways comes from the discovery that regulatory regions of BR-responsive genes are enriched with predicted ARF-binding sites (6, 10) . DR5, a synthetic multimerized version of ARF-binding sites, is induced by both auxin and BRs, and full induction by either pathway depends on both pathways (6, 11) .
Genomic BR response requires another family of transcription factors, which includes BES1 and BZR1 (7, (12) (13) (14) . BES1 can bind and activate transcription on the promoters of genes like SAUR-15, common to both auxin and BR pathways (13) . BRs regulate the activity of BES1 and BZR1 by modulating their phosphorylation status, dependent on the coordinate action of the BIN2 GSK3 kinase and the BSU1 phosphatase, and respective family members (7, (15) (16) (17) (18) . Phosphorylation by BIN2 inhibits homodimerization by BES1, thereby blocking DNAbinding and transcriptional activation (17) , and modulates the dynamics of BZR1 in the cell by interaction with a 14-3-3 protein (19, 20) . In the presence of BRs, BES1/BZR1 family members are hypophosphorylated and promote BR responses in the nucleus by direct binding to BR-responsive gene promoters (12, 13) .
Multiple hormones interact to direct morphogenesis, and no simple hierarchical relationship exists among these factors (21, 22) . Auxin and BRs are among the best characterized hormone pathways and serve as a useful test case for elaborating plant signaling networks. Here we quantify and model BR effects on cellular sensitivity to auxin. We show that, for many shared target genes, exposure to both hormones provokes a distinct effect from exposure to either hormone alone. We describe a mechanistic link between the auxin and BR pathways: the BR-regulated BIN2 kinase directly modulates ARF2 transcriptional activity. These data suggest a new model for coordination of auxin and BR transcriptional effects. The activity of BIN2 contributes to a synergistic increase in auxin-induced gene expression by facilitating the removal of a repressor (ARF2), leaving regulatory sites more accessible to activator ARFs that promote transcription.
Results
Brassinosteroids Sensitize Seedlings to Exogenous Auxin. BR treatments have dramatic effects on auxin response (23) . One limitation for earlier work is that indole-3-acetic acid (IAA), the naturally occurring form of auxin, does not promote hypocotyl elongation when supplied exogenously, likely as a result of insufficient transport to the shoot. Picloram (pic), a synthetic auxin, phenocopies the effects observed when endogenous auxin levels are increased (24) . We have used pic treatments to rigorously test a model of auxin:BR synergism. In seedlings grown on a range of doses of pic, exposure to BRs increases absolute growth in a nonadditive manner and decreases the amount of pic needed to promote hypocotyl elongation ( 1A). In the presence of even higher levels of pic alone, growth is inhibited, an effect observed at the highest levels of added BRs in this experiment. Multiple linear regression indicates that the pic:BR interaction is highly significant (P Ͻ Ͻ 0.001). If BR biosynthesis is inhibited with brassinazole (BRZ), the growthpromoting activity of pic is greatly reduced (Fig. 1B) . Thus, normal auxin response depends on an intact BR pathway.
Global transcriptome studies show a large overlap in auxin and BR early response genes (25) . Quantitative RT-PCR studies indicated a unique effect on gene expression when both hormones are given together [ Fig. 1C and supporting information (SI) Table S1 ]. Seven-day-old seedlings exposed to mock, IAA only, BR only, or IAA and BR treatments were harvested after 1, 3, or 6 h. Expression of 12 genes previously identified as auxinand/or BR-responsive were analyzed. In seven of 12 genes, combined BR and IAA treatment increased the magnitude of gene induction (Table 1 and Table S1 ). In five of these seven cases, the duration of detectable gene response was also increased. For the remaining genes in the study, IAA or BR effects were still measurable after 6 h, so any effect of the combined treatment could not be assessed. These results demonstrate that the combination of auxin and BRs together provoke a distinct cellular signal for a subset of target genes. Promoter analysis revealed significant overrepresentation of the AuxRE-related sites TTGTCT and TGTCT in the upstream region of genes affected by combined hormone treatment (P Ͻ 0.001; Promomer) (26) and not in the upstream region of genes affected by IAA only.
The BR-Regulated Kinase BIN2 Interacts with an Auxin Response
Factor. BRs, like auxin, are capable of regulating transcription through isolated ARF-binding sites (11) . BES1 levels and phosphorylation state are unchanged by auxin treatments (7), suggesting that any effects of the auxin pathway on BR-mediated gene regulation are either downstream of BR regulation of BES1 or parallel to it. BRs have no effect on the stability of Aux/IAAs (6, 27), although they do have modest effects on the transcript accumulation of some ARFs (25) . This suggests that BR effects on auxin-mediated gene regulation are downstream of the Aux/IAAs, likely at the level of ARFs themselves.
A yeast two-hybrid screen using the GSK3-type kinase BIN2 as bait provided the first potential molecular link between the auxin and BR pathways. A fragment of ARF2 was isolated as a BIN2-interacting protein. The ARF2 region interacting with BIN2 is restricted to the 540 aa in C terminus, encompassing the ARF-Aux/IAA dimerization domain (28, 29) . A full-length ARF2 clone was independently verified to interact with BIN2 ( Fig. 2A) . In silico analysis indicates that ARF2 protein harbors 23 putative GSK3 recognition sites, 14 of them located in the longest fragment isolated in the screen. In vitro kinase assay demonstrated that BIN2 is able to bind to and phosphorylate ARF2 (Fig. 2B) , consistent with the presence of numerous GSK3 phosphorylation sites. This suggests a possible regulatory role for the interaction of the downstream auxin and BR signaling components ARF2 and BIN2. No interaction could be detected between BES1 and ARF2 (Fig. S1 ).
BIN2
Regulates ARF2 Binding to DNA and Repressor Activity. ARF2 has been shown to act as a repressor in transient expression studies in cell culture (30) , suggesting that BRs might increase auxin responsiveness by alleviating repression on auxin-induced promoters. We hypothesized that phosphorylation may modify ARF2 stability, activity, and/or ability to bind DNA. Recently, ARF2 has been shown to be degraded rapidly after ethylene treatment (31) . We therefore investigated the effect of BRs on ARF2 stability. Multiple Western blots performed under a variety of hormone conditions and in a number of mutant backgrounds showed no evidence for altered ARF2 stability by BRs (Fig. S2) .
To test whether phosphorylation by BIN2 alters ARF2 DNA binding, we used in vitro DNA-binding experiments with the promoter of SAUR-15 gene (previously called SAUR-AC1) as a target. SAUR-15 is among the earliest detectable auxin-and BR-induced transcripts, and BES1 binding to the SAUR-15 promoter has been shown by chromatin immunoprecipitation (13) and in vitro binding studies (17) . The target region has five E-boxes, known to be required for BES1 activation (13) , one canonical AuxRE (TGTCTC), and 11 core TGTC elements. As has been reported previously (17) , BIN2 showed no DNA binding ability on its own, and BIN2 phosphorylation of BES1 reduced BES1 binding to the promoter of SAUR-15 (Fig. S3) . Using the same conditions, ARF2 could bind to the SAUR-15 promoter, and preincubation with BIN2 greatly reduced DNA binding activity (Fig. 3A) . The addition of BES1 did not alter ARF2 interaction with DNA (Fig. 3A) . BIN2-dependent inhibition of ARF2 DNA binding required ATP and functional kinase activity as shown by the kinase-dead [K69R] BIN2 control (32) . This finding suggests that BIN2 effects on ARF2 occurred via phosphorylation.
To address whether BIN2-mediated phosphorylation of ARF2 modulates its repressor activity, we tested ARF2 repression activity in yeast. A LacZ reporter gene was fused downstream from the constitutive CYC1 promoter fused to 4xLexA operators. Reporter expression was then measured in the presence or absence of candidate repressors fused to the LexA binding domain. Reduced ␤-galactosidase activity, indicating repression, was clearly detected in the presence of the control, yeast repressor TUP1 (33) fused to LexA (TUP1-LexA), or in the presence of ARF2-LexA. Thus, ARF2 acted as a repressor in our system. Coexpression of BIN2 with ARF2-LexA completely alleviated ARF2 transcriptional repression activity (Fig. 3B) . 
Brassinolide (BL) and IAA columns show level of induction observed in global transcriptome experiments after 2.5-or 3-h hormone treatments, respectively (6) . Expression in the presence of both hormones was characterized as either greater than either hormone alone or equal to the level achieved under a single hormone treatment. Increased duration of expression was assessed for genes where single hormone treatments returned to mock levels by the 6-h time point. The number of times each variant of the ARF-binding site appears in the 1,000 bp upstream of the translation start site of each gene is listed. NC, no change; ND, could not be determined. These results provide strong evidence that BIN2 regulates both DNA binding and transcriptional activity of ARF2.
ARF2 Is Required for Normal BR Response.
Previous studies of loss-of-function arf2 mutants found a range of growth-related defects (31, (34) (35) (36) . Some of these phenotypes are similar to those observed in mutants with moderate increases in BR sensitivity, such as plants overexpressing the transcription factor BEE1 (37) . There are conflicting results regarding ARF2 effects on known auxin response genes, but the large size of the ARF family may complicate analysis of individual loss-of-function mutants. To evaluate the involvement of ARF2 in BR signaling, hypocotyl elongation of dark-grown arf2 seedlings was assayed on a range of concentrations of BRZ, a BR biosynthesis inhibitor. Mutations in arf2 resulted in substantial resistance to BRZ, suggesting that ARF2 is a negative regulator of the BR pathway (Fig. 4A) . No difference in response to exogenous BRs could be detected (Fig. 4B) , perhaps as a result of redundancy with or compensation by other players in the BR or auxin pathways.
To further examine the relationship between ARF2 and the BR pathway, global transcriptome analysis was performed comparing BRZ response in arf2 and wild-type seedlings. In both genotypes, BRZ treatments induced expression of genes encoding BR biosynthetic enzymes, including DWARF4 (At3g50660), AtBR6OX1 (At5g38970), and AtBR6OX2 (At3g30180) (Tables  S2-S4 ). In wild-type plants, BRZ also increased expression of CPD (At5g05690), encoding an additional BR biosynthetic enzyme, and decreased levels of CYP72C1 (At1g17060), encoding a BR-inactivating enzyme. Interestingly, arf2 mutants did not show significant changes in expression of these additional genes, perhaps indicating an ARF2-dependent feedback loop.
A number of genes involved in auxin metabolism, transport, or response were misregulated in an arf2 mutant (Tables S5 and  S6 Tables S5 and S7 ). Linear modeling generated a list of genes that had a differential response to BRZ depending on genotype (g*t genes; Table S8 ). This list included the tryptophan biosynthesis genes. Although no effect of BRZ could be detected in a wild-type background, BRZ treatment returned gene expression to wild-type levels in arf2 plants (Tables S7 and S8 ). If these changes lead to increased auxin levels, they could explain the increased resistance to BRZ seen in arf2 mutants. Growing plants at reduced temperature completely suppressed the arf2 BRZ resistance phenotype (Fig.  S4) , perhaps reflecting the temperature sensitivity of the auxin biosynthesis pathway (38) .
Discussion
Previous physiological and transcriptome studies highlighted the close relationship between auxin and BRs, including evidence that promoter regions of BR-responsive genes are enriched in ARF-binding sites (4, 6) . In the present study, we have further characterized the relationship between auxin and BRs and shown a molecular link connecting the two signaling pathways. We provide strong evidence that ARF2 mediates some BR responses and that the BR-regulated kinase BIN2 regulates ARF2 by phosphorylation.
Our data suggest a model where BRs and auxin coordinately regulate gene expression through ARF-binding sites. It is well established that the transcriptional activation activity of activator ARFs is modulated by auxin-mediated degradation of Aux/IAA corepressors (9) . We propose that repressor ARFs, such as ARF2, may compete for binding with activator ARFs at AuxREs in the promoters of some genes. Phosphorylation of ARF2 by BIN2 would result in removal of ARF2 from DNA and the loss of ARF2 repression activity. In effect, BRs would release a brake from such coregulated genes, and auxin would provide gas to drive increased expression through release of repression on the activator ARFs. Addition of both hormones would result in elevated and potentially prolonged expression of target genes. This model is consistent with recent studies showing the requirement of activator ARF activity for expression of multimerized ARF-binding site reporters and target genes (39) . Increased levels of activator ARFs would induce expression by outcompeting repressor ARFs for DNA binding, thus mimicking the effect of adding BRs.
This mode of coregulation is likely to represent only part of the combinatorial control mechanism of auxin and BRs. Binding sites for the BR-regulated activator BES1 are also overrepresented in genes regulated by both hormones (6), suggesting potential additional layers of control on promoters of coregulated genes. In addition, BRs have been shown to promote auxin transport (40, 41) , and recent studies have connected auxin signaling and BR biosynthesis (42) . In the root, auxin increases BR levels through induction of CPD. BR levels in turn regulate the magnitude of auxin effect. A multilevel interaction between auxin and BRs is further supported by our data suggesting that ARF2 links BR and auxin biosynthetic pathways. arf2 mutants show elevated expression of genes required for normal auxin biosynthesis. BRZ treatment suppresses the expression of these genes to near wild-type levels, suggesting that auxin production may be partially dependent on BRs. In addition, some components of the BR homeostasis mechanisms appear to require ARF2 function.
The role of the repressor ARFs in auxin signal transduction has remained elusive. Here we present evidence that one of these proteins, ARF2, acts as a point of interaction with the BR pathway. Other studies have shown that ARF2 protein levels are antagonistically regulated by ethylene and light (31) . Together these findings suggest that ARF2, and perhaps other repressor ARFs, may act as integrators of multiple pathways regulating photomorphogenesis.
Methods
Hypocotyl Length Measurements. Seeds were sterilized for 15 min in 70% ethanol and 0.01% Triton X-100, followed by 10 min of 95% ethanol. After sterilization, seeds were suspended in 0.1% low-melting-point agarose and spotted on plates containing 0.5ϫ Murashige minimal organics medium (Gibco/BRL) and 0.8% phytagar (Gibco/BRL). Seeds on plates were then stratified in the dark at 4°C for 4 days. Plants were maintained in the dark but transferred to 22°C. Hypocotyl lengths from 10 -14 seedlings were measured on day 4 with NIH Image 1.62. All dose-response experiments were performed at least in duplicate.
Quantitative PCR. Nine-day-old, light-grown seedlings were immersed in mock, 1 M BR, 1 M auxin (IAA), or both hormones in 0.5ϫ Murashige minimal organics medium (Invitrogen) for 1, 3, or 6 h before they were harvested. Total RNA was extracted by using a Qiagen RNAeasy kit, and first-strand cDNA was synthesized by using an Invitrogen SuperScript FirstStrand cDNA Synthesis kit. cDNAs were diluted 20-fold and combined with SYBR master mix (Bio-Rad). Three independent biological replicates were used and analyzed with a Bio-Rad iCycler. A standard curve was constructed for each primer by using an equal mixture of all cDNAs. Two-Hybrid Screening. The entire BIN2 ORF was cloned into the pDBLeu vector, carrying the GAL4 DNA binding domain, and transformed into yeast AH109 cells. Yeast cells carrying the bait vector were then transformed with the plasmid DNAs of the CD4 -22 Arabidopsis cDNA library prepared from 3-dayold etiolated seedlings. Putative BIN2 interactors were screened by growth on synthetic medium lacking Ade and His and confirmed by blue color on 5-bromo-4-chloro-3-indolyl-␣-D-galactoside-containing medium. To confirm the interaction, prey plasmids were rescued and retransformed in AH109 cells expressing the GAL4 DNA binding domain or the BIN2-GAL4 DNA binding domain fusion protein. The resulting yeast cells were assayed for the activation of the ADE2, HIS3, and LacZ reporter genes. Full-length ARF2 and BES1 ORFs were cloned in pEXP-AD502 and assayed for interaction with BIN2 as described above.
Recombinant Protein Preparation. BIN2 and [K69R]BIN2
were cloned into pGEX-5X-1 to generate GST fusions. ARF2 was cloned in pMALc2x to create MBP fusions. Recombinant proteins were prepared according to the manufacturer's suggestion (Amersham Pharmacia and New England Biolabs, respectively).
In Vitro Phosphorylation Assay. MBP-ARF2 was incubated with GST-BIN2 in 20 l of kinase buffer (20 mM Tris, pH 7.5/100 mM NaCl/12 mM MgCl2/100 M ATP) and 10 Ci of [␥-32 P]ATP. After incubation at 30°C for 20 min, the reactions were stopped by adding 20 l of 2ϫ SDS buffer and boiling at 94°C for 5 min. Proteins were resolved on a SDS polyacrylamide gel, and phosphorylation was detected by exposing the dried gel to x-ray film.
Yeast Repression Assay. The GAL4 DNA binding domain sequence of pBridge was replaced by the LexA gene. ARF2 was subsequently cloned in the modified pBridge, in frame with LexA, under the control of ADH1 promoter. Finally, BIN2 was cloned in the second multiple cloning site of the modified version of pBridge, under the control of MET25 promoter. MaV203 yeast cells were sequentially transformed with pJK1621, carrying 4xLexA operators upstream of UAS and promoter of CYC1 fused to bacterial LacZ gene as a reporter (33) , and the modified pBridge carrying the LexA-ARF2 gene and BIN2. ␤-Galactosidase assays were performed on yeast protein extracts using ONPG as a substrate, as described previously (MATCHMAKER two-hybrid system; Clontech).
DNA-Binding Experiments. ARF2 in the pCMX-pL1 vector was subjected to 35 S-Met T7 in vitro transcription/translation with a reticulocyte system (Promega) and then incubated with GST-BIN2 or GST-[K69R]BIN2 in the presence/ absence of ATP. PCR-generated biotinylated pSAUR15 DNA fragments were bound to streptavidin-coated paramagnetic beads (Invitrogen) and washed three times in IP100 buffer (100 mM potassium glutamate/50 mM Tris⅐HCl, pH 7.6/2 mM MgCl2/0.05% Nonidet P-40). Radiolabeled ARF2 was added to DNA-bound beads and rotated in a 4°C cold room for 2 h. Beads were washed three times with IP100 buffer; proteins were removed by boiling with 2ϫ SDS buffer and subjected to SDS/PAGE. Microarray Analysis. Total RNA was extracted from 4-day-old, etiolated Arabidopsis seedlings grown on 0.5 M BRZ or mock treatments and used to probe ATH1 microarrays (Affymetrix), according to the manufacturer's protocols. All experiments used at least two independent biological replicates. Data analysis was performed in R (43) . We performed standard Affymetrix quality-control procedures using the BioConductor package simpleaffy (44) . Expression was normalized and estimated by using the gcRMA package of BioConductor (45) and subsequently analyzed by using linear models and empirical Bayes analysis (limma package) (46) . To be considered differentially expressed, genes were required to have a false discovery rate adjusted P value of Ͻ0.05 and an empirical Bayes log odds value of Ͼ0.
